Chromosomal microarray (CMA) is now recommended as first tier for the evaluation in individuals with unexplained neurodevelopmental disorders (ND). However, in developing countries such as Brazil, classical cytogenetic tests are still the most used in clinical practice, as reflected by the scarcity of publications of microarray investigation in larger cohorts. This is a retrospective study which analyses the reading files of CMA and available clinical data from 420 patients from the south of Brazil, mostly children, with neurodevelopmental disorders requested by medical geneticists and neurologists for diagnostic purpose. Previous karyotyping was reported for 138 and includes 17 with abnormal results. The platforms used for CMA were CYTOSCAN 750K (75%) and CYTOSCAN HD (25%). The sex ratio of the patients was 1.625 males :1 female and the mean age was 9.5 years. A total of 96 pathogenic copy number variations (CNVs), 58 deletions and 38 duplications, were found in 18% of the patients and in all chromosomes, except chromosome 11. For 12% of the patients only variants of uncertain clinical significance were found. No clinically relevant CNV was found in 70%. The main referrals for chromosomal microarrays (CMA) were developmental delay (DD), intellectual disability (ID), facial dysmorphism and autism spectrum disorder (ASD). DD/ID were present in 80%, facial dysmorphism in 52% and ASD in 32%. Some phenotypes in this population could be predictive of a higher probability to carry a pathogenic CNV, as follows: dysmorphic facial features (p-value = < 0.0001, OR = 0.32), obesity (p-value = 0.006, OR = 0.20), short stature (p-value = 0.032, OR = 0.44), genitourinary anomalies (pvalue = 0.032, OR = 0.63) and ASD (p-value = 0.039, OR = 1.94). The diagnostic rate for CMA in this study was 18%. We present the largest report of CMA data in a cohort with ND in Brazil. We characterize the rare CNVs found together with the main phenotypes presented by each patient, list phenotypes which could predict a higher diagnostic probability by CMA in patients with a neurodevelopmental disorder and show how CMA and classical karyotyping results are complementary.
Results
Of the 420 participating patients, 260 (62%) were male and 160 (38%) female, from 0 to 49 years of age, with a mean age of 9.5 years (SD = 9.73, Mo = 4). For 139 patients previous karyotyping was reported, 122 with normal result and 17 with abnormal results for which CMA was requested to define the sequences involved.
For most patients' previous genetic assessments are unclear. From the 420 microarrays, a total of 2,468 CNVs which fulfilled the filtering criteria were selected; 1,462 duplications and 1,007 deletions which were interpreted and classified into benign CNVs, pathogenic CNVs and variants of uncertain clinical significance (VOUS).
Study/Year
Bruno et al. 53 Australia patents with ID and CA AFFYMETRIX 250K microarrays 117 15%
Kashevarova et al. 11 Russian patients with ID AGILENT 44K e 60K.
28%
Bartnik et al. 13 Polish patients with neurodevelopmental disorder V8 OLIGO 180k (customized) 256 16%
Preiksaitiene et al. 15 Lithuanian patients with neurodevelopmental disorder AGILENT 105k and 400k 201 14%
Roselló et al. 5 Spanish children with neurodevelopmental disorder AGILENT 44K 246 30%
Coutton et al. 14 French children with moderate ID 4 × 180K OLIGONUCLEOTIDE ARRAY (AGILENT TECHNOLOGIES) 66 21%
Lay-Son et al. 16 Chilean patients with neurodevelopmental disorder CYTOSCAN HD, AFFYMETRIX 40 25%
Pfundt et al. 9 North American patients with disorder neurodevelopment CYTOSCAN DX, AFFYMETRIX (Platform similar to CYTOSCAN HD) 960 14% (first line test)* Quintela et al. 26 Galician patients with neurodevelopmental disorder (Spain) CYTOGENETICS WHOLE-GENOME 2.7 M (n = 126) and CYTOSCAN HD (n = 447) 573 11,2% to 13,6%
Wu et al. 12 Children with congenital heart disease (Chinese population) AFFYMETRIX CYTOSCAN HD 104 28%
Borlot et al. 24 Patients with unexplained childhood-onset epilepsy and intellectual disability (Toronto) 4 × 180K OLIGONUCLEOTIDE ARRAY (AGILENT TECHNOLOGIES) 134 16%
HEIDE et al. 27 Patients with both corpus callosum abnormality and intellectual disability (French) 370 CNV-QUAD (n = 7), CYTOSNP-12 (n = 121) our HUMANOMNIEXPRESS-24 (n = 21) (ILLUMINA)
13%
Di Gregorio et al. 54 Patients diagnosed with DD/ID in Turin, Italy AGILENT 60K 1015 11%
Sansović et al. 55 Patients with DD/ID with or without dysmorphism, ASD, and/or CA (Croatia)
AGILENT SUREPRINT G3 UNRESTRICTED CGH ISCA V2 337 22%
Kessi et al. 56 Patients with ID/DD and epilepsy (Chinese population) AFFYMETRIX + SNP Microarray And ILLUMINA HUMANCYTOSNP-12 100 25% Table 1 . Some recent studies that used chromosomal microarrays for diagnostic testing in cohorts of affected individuals and their diagnostic rates. * CMA used as a first line test (no screening with classical cytogenetics). CYTOSCAN HD platform validation study at FDA. DD = developmental delay; ID = intellectual disability; CA = congenital anomalies; ASD = autism spectrum disorder.
In 18% patients (75/420) we identified a total of 96 rare CNVs which were interpreted as pathogenic ( Table 2) . Of these 75 patients, 15 had more than one pathogenic CNV, 9 of them had 2 pathogenic CNVs (#33, #47, #61, #127, #251, #332, #372 and #407) and 6 had 3 pathogenic CNVs (#151, #188, #196, #219, #270 and #392). Three cases (#81, #255 and #331), along with a pathogenic CNV, also presented VOUS. Of the 96 pathogenic CNVs 58 were deletions, leaving only a single copy of the sequence involved. The remaining 38 were duplications that usually result in a total of three copies of the sequence involved, however in two brothers (cases #24 and #25) the duplication of a relevant region of chromosome X resulted in two copies (in which the main reason of pathogenicity is the fact that none of the duplicated copies undergoes X-inactivation, as usual in females) and in three patients (cases #306, #422 and #443) the CNV found was in a four-copy state, of which case #422 had a previous abnormal karyotype result ( Table 2 ). The pathogenic CNVs were found in all chromosomes, except in chromosome 11 . Figure 1 illustrates the frequency and number of pathogenic CNVs found per chromosome.
Variants of uncertain significance (VOUS), which also are rare CNVs, were the main findings in 12% (49/420) of the patients, summing up a total 56 CNVs, 17 deletions and 39 duplications, (Table 3) . These variants were found on most chromosomes except for 21, 22 and Y, and contained from 1 to 48 genes (SD = 10:19, Mo = 4), of which from 1 to 28 (SD = 5.06 Mo = 2) are genes cited in the OMIM database (OMIM genes). Figure 2 illustrates the frequency and amount of VOUS per chromosome.
Four of these VOUS (in cases #180, #223, #384 and #444) are discussed in greater detail, because they were considered potentially pathogenic, however with no compelling evidence at this point ( Table 4 ).
All other CNVs were interpreted as benign or as common genetic polymorphisms. In 70% of the cases, they were the only findings present in the genome of a patient, and thus considered a negative result for clinically relevant CNVs. Figure 3 Patients grouped according to the most relevant CNV found in their genomes.
Phenotypic characterization. Of the 420 cases, three were not included in the phenotypic characterization because it was not possible to obtain clinical data. The features registered in our cohort are listed in Table 5 . Most patients, besides the main reasons of referral (DD, ID, ASD) had additional characteristics, including dysmorphologies, psychiatric or behavioral issues, or variations in height or body weight, whose relation to the main problem often is unclear. Many have syndromic features, as can be concluded by the high presence of congenital abnormalities and atypical facial appearance. As expected, 80% of the individuals of the studied cohort had DD/ ID (the main reasons for referral). DD and ID are cited here together because ID is only diagnosed above 5 years of age, however it is a known fact that most individuals with DD in early infancy will later be diagnosed with ID. Of the patients in our study 67% had DD at the time of the study or at an earlier age, with 41% considered intellectually disabled. Facial dysmorphisms (most of them minor) were reported for 53% and ASD for 32%. Other phenotypes were in lower frequencies. Univariate analysis (chi-square or Fisher's test when more appropriate) indicated predictive phenotypes for a higher diagnostic result (a higher chance to have a pathogenic CNV) in our cohort with ND: dysmorphic facial features (p-value = <0.0001, OR = 0.32), obesity (p-value = 0.006, OR = 0.20), short stature (p-value = 0.032, OR = 0.44), genitourinary anomalies (p-value = 0.032, OR = 0.63) and ASD (p-value = 0.039, OR = 1.94) ( Fig. 4 ). There was no significant higher diagnostic result by CMA for the other phenotypes. Table 5 summarizes the clinical features recorded for patients with negative and positive CMA results with the percentage (and number) of patients presenting them. Most patients have more than one relevant phenotype.
Classical karyotyping and CMA. Seventeen patients informed previous abnormal karyotyping results (Table 6) , three of which are not very understandable or with a question mark (#282, #412 and #430). For 12 cases, CMA specified the sequences involved, often with unexpected findings, hinting to the mechanism of occurrence of the anomaly and explaining phenotypes that the karyotype by itself suggested otherwise. In case #196, for instance, CMA identified a deletion in the short arm of chromosome 5, whereas the chromosomal analysis of the patient (46, XX, 5p+) indicated additional DNA in chromosome 5. CMA revealed also that the additional DNA in chromosome 5 originated from a partial duplication of the long arm of chromosome 18. For another case, #263 (47, XY +mar), a large deletion was found instead of a gain. Regarding the five cases where the cytogenetic analysis was abnormal and no pathogenic CNV was identified, in one (#138) a VOUS with no apparent relation to the chromosome analysis result was found whereas the other four had a normal CMA result, including the three cases whose informed karyotype was followed by a question mark, indicating that the chromosomal analysis was not conclusive (Table 6 ).
Discussion
In the present study, a total of 96 pathogenic CNVs were detected in CMA results of 75 patients with ND in the state of Santa Catarina, a diagnostic yield of 18%, within the range of 15-20% diagnostic rate cited in literature for patients with ND in other cohorts 5, 9, [11] [12] [13] [14] [15] [16] [17] . It is important to highlight that the 75 patients with pathogenic CNVs, included 12 patients of the 17 with previous abnormal karyotype result, for whom the CMA test was requested in order to identify the DNA sequences involved. Excluding the 17 cases with known abnormal karyotype results in a diagnostic rate of 15.63%, and when considering only the 122 patients that underwent previous karyotyping and had normal results, the diagnostic rate was not different, 15.57%. However, the diagnostic yield was considered 18% because CMA was essential to uncover the sequences altered in the abnormal karyotype results, and thus was diagnostic, unveiling unexpected findings, like deletions in chromosomes whose karyotype showed additions or deletion when karyotype had suggested addition. These are exemplified by case #127 [46, XX,  www.nature.com/scientificreports www.nature.com/scientificreports/ chromosomal analysis would be desired, because instead of additional DNA, a large pathogenic deletion in chromosome 9 was found. The CMA results of the 17 cases for whom a previous abnormal chromosomal analysis was reported, are depicted in Table 6 , case by case, together with comments about the findings.
Conversely, our results also point to the usefulness of traditional karyotyping to complement the CMA results, allowing an insight into the mechanisms that gave rise to the genetic abnormality, which is relevant for genetic counselling. For instance, from the 15 cases that had more than one rare CNV (pathogenic CNV or VOUS) and no previous abnormal karyotyping, eight involved the terminal region of chromosomes, some of them quite large, combining terminal deletions with terminal duplications, suggesting that they might be derivative chromosomes that arose form a translocation. This can be seen in case #61 (Table 1) with a distal trisomy of chromosome 8q and a simultaneous deletion in the end of the long arm of chromosome 13; #151, with a terminal del18p and a terminal trisomy 7p; #188, with a terminal del21q and a terminal trisomy 19p; #251, with a terminal del20q and a terminal trisomy 19p; #270, with a terminal del18q and a terminal trisomy 3q; #332, with a terminal del7q and a terminal trisomy 3q; #372, with a terminal del8p and a terminal trisomy 4p, and case #407, with a terminal del21q and a terminal trisomy. This derivative chromosome could have been originated during meiosis, during the first mitotic divisions of the zygote or possibly were inherited from a healthy parent that carries the translocation in an equilibrated state. In latter case there is a risk of recurrence for the same or possibly the complementary derivative in another child. Three cases had 2 or 3 CNVs within the same chromosome: case #33, where the microarray result points to a circular chromosome 18, since both ends are deleted; case #331, with two deletions and one duplication, suggesting a del/dup inversion, and case #47, that had two small deletions on the tip of the p arm, surrounding the SHOX gene, indicating a possible del/del inversion including SHOX. Other cases had a combination of interstitial or terminal and interstitial CNVs in two or more chromosomes, pointing to more complex mechanisms.
In 2010, the American College of Medical Genetics recommended CMA as first-tier test for the population of individuals with DD, ID, ASD and multiple congenital anomalies. We agree with that. However, about the often-made question if CMA is a substitute for the classical chromosome analysis or even if CMA is causing karyotyping to be obsolete, we consider that a correct diagnosis requires the combination of CMA and chromosome analysis as stated by others 21 , which observed structural rearrangements in addition to simple deletions or duplications under the microscope in 85 (18%) of 469 cases with an abnormal CMA result. Likewise, chromosome analysis of the parents of individuals with clearly pathogenic terminal deletions/duplications or large CNVs (regardless if terminal or interstitial) should be a follow-up rule, because this knowledge is essential for genetic counselling. For instance, the karyotype of a father of two affected siblings, a girl (#149) with a large deletion in chromosome 5 [5p14.3-p15.31 (6, 801, 992, 827) ] and her brother, #445, with a duplication of the exact same region, revealed complex translocations involving at least four chromosomes, 46, XY, t (1; 2) (q44; ~p23-pter); t(5; 7) (p14.3-p15.31; p22) ( Table 1 ). The genome of this father survived catastrophic events with no obvious clinical consequence for him which, however, left rearrangements (not detectable by MCA) whose deleterious reflexes did affect deeply the development of his two children -in two distinct (or opposite) molecular ways midst an even larger array of possibilities. Among 17 abnormal karyotypes we had at least one equilibrated translocation, case #175 [46, XY, t(4; 7) (q31; p14)], whose CMA result showed no CNV. This is an interesting case to study because it is unlikely that this translocation has no pathogenic relevance. Possibly the translocation disrupts or interferes with the regulation of the causal gene, which could be identified by breakpoint mapping/sequencing.
The pathogenic CNVs found in this study and the reported phenotypes of the respective patients are detailed in Table 1 . It is known that most pathogenic CNVs occur "de novo" because of an error during meiotic recombination, an early illegitimate mitotic recombination, or the mutagenic repair of DNA double-strand breaks during the first divisions of the embryonic cells 22 . They can also be consequence of a balanced chromosomal translocation in the genome of one of the parents, therefore classical karyotype test for parents of individuals with large pathogenic CNVs is advisable, since balanced translocations cannot be identified by CMA and there is a high risk of recurrence 23 .
We tried to draw comparisons between pathogenic CNVs detected between various studies, which is a challenge, since each study used distinct CMA platforms with probes of varying sizes, densities and characteristics. To allow a comparison, we made a circle plots with the pathogenic CNVs detected in our study together with the pathogenic CNVs detected in cohorts of North America 24, 25 and Europe [13] [14] [15] 26, 27 using studies that made the data sufficiently available for such analysis (Fig. 5) .
Among the studies of the circle plot, the following pathogenic CNVs were detected exclusively in our sample: arr[hg19] 1p36.33p36. 32 The interpretation of CNVs is not an absolute science and caution must be used in the report of the results. Palmer et al. (2013) already presented data on how the interpretation of CNVs detected by CMA had a significant change over time, with an increase in CNVs classified as pathogenic as new studies and case descriptions are reported. That is why it is important to register the CNVs interpreted as VOUS when no pathogenic CNV is found. In our study we found VOUS (as the most relevant CNV) in 12% (49/420) of the patients in the cohort ( Table 2 ). Although we believe that most of them will have no clinical impact, some of the CNVs in this subgroup possibly will be classified as pathogenic in the future, as more data accumulates. Bellow we highlight four cases where we considered the VOUS potentially pathogenic:
Case #223 = Refers to a boy that was ten years old when he was referred for CMA. He presented short stature, intrauterine growth restriction, DD, mild ID, a narrow face, dolichocephaly, high-arched palate, microtia (small ears), nipple hypertelorism and constipation. His MCA revealed no pathogenic CNV, however three duplication VOUS ( 3p26.3(255,645-1,510,822)x3 duplicates the entire sequence of the contactin 6 gene (CNTN6), LINC01266, a long intergenic ncRNA, and the final of the CHL1 gene (cell adhesion molecule L1 like). CHL1 has been proposed as a candidate gene for intellectual disability of the 3p deletion syndrome 28, 29 , and one partial duplication of a similar portion of the CHL1 gene as in case #223 was described, including also the complete CDS of LINC01266, and a small portion of the CNTN6 gene 30 . It is not clear if the partial duplication of CHL1 in was originated by some rearrangement that could have disrupted one of the complete copies of the gene. Contactin 6, encoded by CNTN6 is a neural cell adhesion molecule that has been proposed as one of the critical genes of the 3p deletion syndrome 31 and deletions or duplications of CNTN6 was suggested to be associated to a wide spectrum of neurodevelopmental disorders 32 , SNX9 (Sorting Nexin 9), SYNJ2 (Synaptojanin 2), the beginning of the SERAC (Serine Active Site Containing 1) gene, and the microRNA genes MIR4466 and MIR3692. No complete duplication of any of these genes was found on the DGV. Of those, SYNJ2 is majoritarily expressed in the brain 33 and is a member of the synaptojanin family, which are key players in the synaptic vesicle recovery at the synapse; TMEM242 is a potential multi-pass membrane protein of unknown function 34 , that is expressed in most tissues 33 ), however, with highest expression in the brain; ZDHHC14 is a probable palmitoyltransferase 34 whose expression is highest in the brain and utherus 33 ; SNX9 could involved in several stages of intracellular trafficking and is espressed is most tissues, with very low brain expression 33 and ARID1B is a component of the SWI/ SNF chromatin remodeling complex and its haploinssuficiency is one of the most frequent causes of ID, both, syndromic (Coffin-Siris syndrome) and non-syndromic [35] [36] [37] [38] . Coffin-Siris syndrome is characterized by, feeding difficulties in infancy, delayed motor skills, severe speech impairment, mild to severe ID, coarse facial features, hirsutism and its hallmark is the hypoplasia or absence of the 5th distal phalanx of the finger and/or toes. Up to now, only intragenic duplications that probably disrupt gene function were described, however no complete duplication of the gene ARID1B has been described. Duplications comprising the region of chromossome 6 that is duplicated in case #223 are much larger, with the exception of one registered in Decipher, for patient: 287902 with microcephaly and ID, that has a "de novo" duplication of about the same size as the one in our case. Other three duplications including only complete ARID1B alone or with one more gene are also in Decipher, all being the only, or the only non-inherited CNV, found. Cases #180, #384 and #444 refer to three boys, 4, 2, and 5 years old, respectively, at the date of referral for CMA, because of DD (# 180), motor delay, chronic encephalopathy and spastic quadriparesis (# 384), and DD and ASD (# 444), all of them with a different intragenic deletion in the gene RBFOX1. The RBFOX1 gene (OMIM * 605104), also known as Ataxin-2-binding protein 1 (A2BP1) or FOX1, is one of the largest genes in the human genome and encodes a neuronal RNA binding protein that is highly conserved evolutionarily. It has a very complex transcription unit that generates transcripts from multiple promoters, and presents alternative termination sites. The inclusion of its multiple internal exons is highly regulated, yielding various nuclear and cytoplasmic protein isoforms 39 . In the nucleus, RBFOX1 protein isoforms act as RNA processing factors, while in the cytoplasm they act as proteins that regulate the stability and translation of RNAs involved in cortical development and autism 40, 41 .
Changes in RBFOX1 have been related to several neurodevelopmental syndromes, including ID, epilepsy, and ASD [42] [43] [44] , with important roles in neuronal migration and synapse network formation during corticogenesis 45 . Specifically, intragenic deletions have been related to neuropsychiatric and neurodevelopmental disorders 42, 46, 47 . 
Continued
The case #180 showed a microdeletion 593 Kbp (arr[hg19] 16p13.3(6,243,228-6,835,898)x1), eliminating exon 1 from transcript variant 6 (isoform 4 NM_001142334.1) and exons 2 and 3 from transcripts variants 4, 5 and 7 (respectively, isoform 4 NM_018723.3, isoform 5 NM_001142333.1 and isoform 6 NM_001308117.1). of the gene RBFOX1 which in the reference sequence are non-coding exons of the 5 ' region. Besides possibly affecting the transcription of the main isoforms, this microdeletion also affects the promoter of several isoforms of RBFOX1, whose transcription begins after exon two.
Case #384 presented one microdeletion 117 kbp in 16p13.3 (arr[hg19] (7, 108, 225 ,285)x1), involving an intronic region between exon 4 and 5 from transcripts variants 4, 5 and 7 (respectively, isoform 4 NM_018723.3, isoform 5 NM_001142333.1 and isoform 6 NM_001308117.1) and between exon 2 and 3 from from transcript variant 6 (isoform 4 NM_001142334.1) of the RBFOX1 gene, and case #444 had microdeletion of 31 kbp (arr[hg19] 16p13.3(6,644,079-6,675,606)x1) in intron 2 from transcripts variants 4, 5 and 7 (respectively, isoform 4 NM_018723.3, isoform 5 NM_001142333.1 and isoform 6 NM_001308117.1) of the RBFOX1 gene, affecting various isoforms and possibly affecting the isoform promoter region that initiates from transcript variant 6 (isoform 4 NM_001142334.1) after exon 3 of the reference sequence.
It is topic of ongoing discussion of how to communicate the CNVs findings in the reports, where the communication of VOUS is particularly challenging. In clinical practice, it is a confounding factor to have a CNV about www.nature.com/scientificreports www.nature.com/scientificreports/ which no one can say something for sure. The limitations of the test and, more shockingly, of the current understanding of the results are difficult for the clinician to explain and even more difficult for the patient/guardians to understand. They often cannot settle for the idea that they underwent such an expensive test and the doctors cannot say anything useful or definitive with the results. Even though adequate pre-testing explanation is provided to patients or their guardians, and they sign a consent form which also lists the limitations of the test, for many persons the real understanding of what that means only sinks in after receiving an ambiguous CMA result. It is much easier to explain a negative result that, if not answering the question of why the neurodevelopment was disturbed, at least answers that it is not caused by a genomic imbalance produced by an excess or a deletion of genetic material. A VOUS tends to represent a point of frustration for all involved. The American College of Medical Genetics allows to communicate the likelihood that a VOUS is pathogenic or benign, when well founded in the report and the uncertainty of such classification is clearly communicated. In addition, they also recommend that the report includes guidelines for the continuous monitoring of medical literature, since new knowledge can clarify the CNV's real clinical impact.
One strategy in the interpretation of a VOUS is to investigate if it occurred "de novo" or has been inherited from one of the parents. Inherited CNVs are more likely benign, whereas "de novo" variants found in ND patients have a greater chance to be causal. However, the incomplete penetrance or variable expression of a clinical phenotype can explain the presence of a pathogenic CNV in an unaffected (or sub-clinically affected) parent. As well as a "de novo" event is indicative, but not necessarily the cause of the disorder. In regard to their size, the pathogenic CNVs were typically very large (Fig. 6A) , with a mean size of 7,770 kbp (median: 5,179 kbp), and contained multiple genes when compared with benign CNVs (mean: 483 kbp, median: 285 kbp, Fig. 6A,B ) and VOUS (mean: 666 kbp, median: 382 kbp), as shown in Fig. 6A ,C, in agreement to findings by others 25, 48, 49 . The variation inside each class is very large and some pathogenic CNVs are quite small whereas some benign CNVs can be very large when they are situated in gene-poor regions, like those close to centromeres. It is to expect that a VOUS is not typically very large because the more genes a CNV contains the higher chance of including known dosage-sensitive genes, regulatory regions or, in case of a deletion, to expose a recessive mutation which may be present in the remaining copy of the gene.
Based on the clinical data, obtained from the medical records, the most frequent phenotypes reported are also the main reasons of referral: DD, ID, congenital anomalies and/or dysmorphia, and ASD ( Table 4 ). The same phenotypes are predominant in other CMA studies for the investigation of neurodevelopmental disorders 4, 5, 9, 11, [14] [15] [16] [17] [18] .
For instance, congenital anomalies, along with facial dysmorphisms, were reported in more than 58% of our cohort (Table 4 ). This frequency similar if the findings of 50% in a cohort of 78 affected with ND in the study of Qiao et al. 50 and the 55% reported by Roselló et al. 5 in their study with 246 patients with DD and ID, and probably represents a selection bias by the MDs for the referral for testing. Nevertheless, there was no statistical difference of diagnostic rate for patients with neurodevelopmental disorders without an obvious congenital anomaly or dysmorphia (data not shown).
Univariate analysis showed a significant association for the presence of pathogenic CNVs with dysmorphic facial features (p-value = < 0.0001, OR = 0.32) and ASD (p-value = 0.039). Congenital anomalies only showed a higher association with pathogenic CNVs in this cohort when broken down into more specific affected systems, www.nature.com/scientificreports www.nature.com/scientificreports/ where genitourinary anomalies had a higher correlation with the finding of a pathogenic CNV (p-value = 0.032). Furthermore, two secondary phenotypes, obesity (p-value = 0.006) and short stature (p-value = 0.032), were shown to be phenotypes associated to higher findings of pathogenic CNVs in patients with ND. However, this are incipient results, and should be avoided to be used for testing decisions. A clinical and standardized reassessment in all cases and a larger sample would be crucial to confirm this.
As already discussed by Quintela et al. 26 the interpretation of genomic variations such as CNVs is an arduous task, especially in the challenging VOUS, when the genotype is suggestive of a genomic disorder characterized by incomplete penetrance and/or variable expressivity.
Regarding the negative diagnoses of the CMA (without CNVs or with only benign CNVs) in high resolution SNP CMA platforms like the ones used in this study, the homozygous regions can also be studied. Those results with very large LCSHs (long contiguous stretches of homozygosity) indicating possible uniparental disomy (UPD) or consanguinity should be reported to the accompanying MD for follow-up investigation of eventual imprinting syndromes or autosomal recessive mutations, through methylation or exome analysis. The relevance of LCSHs, which can be identified by most modern CMA platforms, is discussed elsewhere 51 .
Conclusions
The diagnostic rate for CMA in this study was 18% and is within the literature (15-20%) . CMA is an essential tool to decipher the sequences involved in structural karyotype abnormalities detected by classical chromosome analysis, as well as patients with abnormal CMA results should have their chromosomes analyzed -which can lead to unexpected surprises. For a correct diagnosis CMA and chromosome analysis should be used complementary. Parental chromosome analysis is essential for genetic counselling, particularly when the patient has terminal deletion/duplication or large CNVs. The main reasons for referral for CMA testing were DD/ID, dysmorphic facial features and ASD. Dysmorphic facial features and ASD (as main or secondary feature) and secondary phenotypes such as obesity, short stature, genitourinary anomalies are possible predictive phenotypes of a higher diagnostic answer by CMA. 
